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stress. In comparison to the closing of the Panama Seaway, 
the narrowing of the Indonesian Passages only drives rela-
tively weak changes in the annual cycle. A robust relation-
ship is found such that ENSO amplitude strengthens when 
the annual cycle amplitude weakens.
Keywords Gateway · Panama Seaway · Indonesian 
Passages · Paleoclimate modeling · Annual cycle · ENSO
1 Introduction
Proxy data suggests the El Niño/Southern Oscillation 
(ENSO), the leading mode of present-day tropical interan-
nual variability, was active across a wide variety of past 
climate states as far back as the late Cretaceous, Eocene, 
Miocene, Pliocene, Pleistocene and the Holocene (Davies 
et al. 2012; Huber and Caballero 2003; Galeotti et al. 
2010; Watanabe et al. 2011; Scroxton et al. 2011; Cobb 
et al. 2003; McGregor et al. 2013). The Pliocene was the 
last period that featured an atmospheric CO2-concentra-
tion which was similar to the present-day values, with 
concentrations amounting to about 405 ppm (Haywood 
et al. 2011). Paleogeochemical proxies indicate that sea 
surface temperature (SST) within the tropical warm pool 
regions may have changed little over the last 3 to 5 mil-
lion years (Wara et al. 2005; Pagani et al. 2009). On the 
other hand, the cold tongue in the eastern equatorial 
Pacific was about 4–5 °C warmer than today (Wara et al. 
2005; Fedorov et al. 2006) and SSTs in the subtropi-
cal upwelling zones were substantially warmer than the 
present (Brierley et al. 2009). The proxy records suggest 
that much reduced zonal and meridonal SST gradients 
existed in the early Pliocene (Wara et al. 2005; Fedorov 
et al. 2013). Although the SST gradient strengthened as 
Abstract The El Niño/Southern Oscillation (ENSO) is 
the leading mode of tropical Pacific interannual variabil-
ity in the present-day climate. Available proxy evidence 
suggests that ENSO also existed during past climates, for 
example during the Pliocene extending from about 5.3 mil-
lion to about 2.6 million years BP. Here we investigate the 
influences of the Panama Seaway closing and Indonesian 
Passages narrowing, and also of atmospheric carbon diox-
ide (CO2) on the tropical Pacific mean climate and annual 
cycle, and their combined impact on ENSO during the 
Pliocene. To this end the Kiel Climate Model), a global 
climate model, is employed to study the influences of the 
changing geometry and CO2-concentration. We find that 
ENSO is sensitive to the closing of the Panama Seaway, 
with ENSO amplitude being reduced by about 15–20 %. 
The narrowing of the Indonesian Passages enhances ENSO 
strength but only by about 6 %. ENSO period changes are 
modest and the spectral ENSO peak stays rather broad. 
Annual cycle changes are more prominent. An intensifi-
cation of the annual cycle by about 50 % is simulated in 
response to the closing of the Panama Seaway, which is 
largely attributed to the strengthening of meridional wind 
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time progressed, it was still considerably reduced in the 
mid-Pliocene, which is thought to have had significant 
consequences for the tropical Pacific climate at that time, 
especially for ENSO.
Wara et al. (2005) referred the much warmer cold 
tongue in the eastern equatorial Pacific, which considerably 
reduces the zonal SST gradient, to as “permanent El Niño-
like” conditions. Haywood et al. (2007) and Fedorov et al. 
(2010) report weak extant ENSO variations in coupled cli-
mate models. In contrast, proxy data and other modeling 
results suggest persistent significant ENSO variability. 
Proxy evidence suggesting persistent ENSO activity during 
the Pliocene has been provided by Watanabe et al. (2011) 
and Scroxton et al. (2011). Climate model simulations from 
the Pliocene Model Intercomparison Project (PlioMIP) 
yield ENSO variability simulated under reconstructed mid-
Pliocene conditions (Haywood et al. 2011; Dowsett et al. 
2012; Brierley 2015). Manucharyan and Fedorov (2014) 
simulate a robust ENSO under very different climatological 
zonal SST gradients. They manipulate the east–west equa-
torial Pacific SST gradient decreasing it from 6.0 to 1.4 °C, 
while the amplitude of ENSO decreases by only 30–40 %. 
How do these so called permanent El Niño-like tropical 
Pacific mean states maintain a “healthy” ENSO?
The opening and closing of oceanic gateways has a pro-
found influence on the distribution of fresh water, nutrients, 
and energy in the global ocean, and is thus a major factor 
in driving past global environmental and climate changes. 
Here we investigate by means of a global climate model, 
the Kiel Climate Model (KCM, Park et al. 2009), the influ-
ences of the Panama Seaway closing and Indonesian Pas-
sages narrowing during the Pliocene on tropical Pacific 
mean climate, annual cycle and interannual variability. A 
particular focus is ENSO which, in simple nonlinear mod-
els, can be understood as the first (Hopf) bifurcation (Jin 
et al. 1996), moving the system from a stable to an oscilla-
tory regime, when increasing the strength of ocean–atmos-
phere coupling which in turn is related to the zonal SST 
gradient. The tropical Pacific is special among the tropical 
oceans exhibiting a strong zonal asymmetry in its upper 
ocean thermal structure, which is clearly seen in the equa-
torial SST. In the western warm pool region SSTs amount 
to up to 29 °C, in the eastern cold tongue region SSTs are 
typically up to 10 °C colder. It is this zonal asymmetry that 
enables ENSO. In the central-eastern equatorial Pacific, 
variations in thermocline depth modulate SST through 
vertical advection of temperature anomalies by the mean 
upwelling—a process referred to as “thermocline feed-
back”—thereby communicating subsurface temperature 
signals to the surface. This introduces changes in the zonal 
SST gradient along the equator, which in turn interacts with 
the easterly trade winds (Bjerknes 1969), giving rise to a 
positive feedback. In conjunction with delayed negative 
feedbacks by the wind-driven ocean circulation and oce-
anic waves, these processes are at the heart of the ENSO 
mechanism.
How the character of ENSO changes when the tropical 
Pacific mean state changes is an important question. To 
assess the overall stability of ENSO in state-of-the-art cli-
mate models, Jin et al. (2006) proposed the Bjerknes sta-
bility (BJ) Index. This index has been used to investigate a 
large range of ENSO behaviors in and among coupled gen-
eral circulation models (CGCMs) under a variety of back-
ground ocean–atmosphere mean states (e.g.; Kim and Jin 
2010a, b), which aided the understanding of ENSO dynam-
ics in climate models. The BJ index has also been applied 
to observations to understand differences between the 
equatorial Pacific and equatorial Atlantic interannual vari-
ability and shifts in ENSO behavior during the most recent 
decades (Lübbecke and McPhaden 2013, 2014).
Another important factor in determining the charac-
ter of ENSO is the annual cycle, which is readily seen, 
for example, by the seasonal phase locking of ENSO with 
strongest SST anomalies in boreal winter and weakest in 
boreal spring. The annual cycle involves the development 
and decay of the eastern equatorial Pacific cold tongue, 
which is forced by the solar radiation in the first place. At 
the equator, however, the solar radiation exhibits a semian-
nual cycle. Yet the SST in the eastern and central Pacific 
depicts a pronounced annual cycle. The northerly position 
of the Intertropical Convergence Zone (ITCZ), owing to the 
hemispheric asymmetry of land–sea distribution, generates 
a weak annual cycle of surface wind forcing at the equator 
(Li and Philander 1996). One important mechanism in the 
equatorial annual cycle is the propagation of annual cycle 
signal from the South America coast through the Wind-
Evaporation-SST (WES) feedback and the subsequent cou-
pled ocean–atmosphere disturbance, as first pointed out by 
Liu and Xie (1994) and Liu (1996). Additionally, coupled 
air–sea feedbacks intensify the wind forcing by invoking a 
near-annual frequency mode that propagates westward (Li 
and Philander 1996; Xie 1996). Through the mechanism 
of frequency entrainment, the tropical annual cycle inter-
acts with and tends to damp ENSO (Liu 2002; Chang et al. 
1994).
In this study, we describe the sensitivity of the KCM’s 
mean state, annual cycle and ENSO to external changes 
during the Pliocene, forced by changes in ocean geom-
etry and atmospheric CO2, Special attention is given to 
the influence of the Panama Seaway closing and Indone-
sian Passages narrowing, and to the interaction between the 
annual cycle and ENSO. The structure of this paper is as 
follows. In Sect. 2, we describe the coupled model and the 
experimental design. Mean state changes are presented in 
Sect. 3. The response of the SST annual cycle is addressed 
in Sect. 4. In Sect. 5, ENSO stability is discussed on the 
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basis of the BJ Index. We conclude this paper with a brief 
summary and a discussion of the main results in Sect. 6.
2  Coupled model, experimental setup, 
and methods
2.1  Coupled model and experiment setup
We use the Kiel Climate Model (KCM, Park et al. 2009). 
The atmosphere model is ECHAM5 (Roeckner et al. 2003) 
which is integrated with T31 (3.75° × 3.75°) horizontal 
resolution and 19 vertical levels up to 10 hPa. The ocean-
sea ice component is NEMO (Madec 2008) on a 2° Mer-
cator mesh, with 31 vertical levels. The meridional reso-
lution increases towards lower latitudes, with 0.5° in the 
equatorial region. The two components are coupled with 
the OASIS3 coupler (Valcke 2006). No form of flux correc-
tion or anomaly coupling is employed. The KCM has been 
applied in studies addressing past, present-day and future 
climate. A list of references of published studies employ-
ing the KCM can be obtained from http://www.geomar.de/
en/research/fb1/fb1-me/research-topics/climate-modelling/
kcms/.
In terms of gross indices, ENSO is simulated reasonably 
well by the KCM, as described in Park et al. (2009) and 
more recently, in Latif et al. (2015). The ENSO response of 
the KCM to strongly increasing atmospheric CO2 has also 
been described in Park et al. (2009) and Latif et al. (2015). 
The tropical Pacific response to increasing greenhouse gas 
concentrations in other climate models, which participate 
in the Coupled Model Intercomparsion Project phase 3 
(CMIP3) and phase 5 (CMIP5), and in the Pliocene Model 
Intercomparison Project (PlioMIP), has been explored, for 
example, in Latif and Keenlyside (2009), DiNezio et al. 
(2012), Collins et al. (2010), Bellenger et al. (2014) and 
Brierley (2015). In comparison to those models, the KCM 
is somewhat special, as it projects strongly increasing 
ENSO amplitude under global warming conditions (Fig. 
S1, S2, S3), which is mainly due to strengthened thermo-
cline feedback and enhanced atmospheric sensitivity to 
SSTA (Park et al. 2009). Further, skewness and kurtosis 
also increase at higher CO2 (Fig. S4).
A set of eight experiments is conducted (Table 1) in 
order to separate the climate effects of lowering atmos-
pheric CO2, narrowing of the Indonesian Passages and 
closing of the Panama Seaway, which happened during 
the Pliocene. Experiment names consist of three sequen-
tial letters representing different boundary conditions. The 
first letter indicates CO2-concentration [Low (286 ppm) 
and High (405 ppm)], the second letter the Indonesian Pas-
sages [Modern or Pliocene geometry (wider and deeper 
than modern)], and the third letter the Panama Seaway 
[Modern (closed) or Pliocene geometry (open, with a 
depth 1200 m)]. For example, LMM represents the experi-
ment with Low-CO2 and Modern Indonesian Passages and 
Modern Panama Seaway, and this integration serves as a 
pre-industrial control simulation. LMM is integrated for 
2000 years starting from the Levitus climatology of tem-
perature and salinity. Experiment HMM differs from exper-
iment LMM only in the CO2-concentration which is higher. 
HMM serves as control run for the high-CO2 experiments. 
The other six experiments are initialized with the output 
from either LMM or HMM and integrated for 800 years. 
The last 300-years from each of the integrations are used in 
the subsequent analysis.
The deeper and wider geometry of the Indonesian Pas-
sages during the Early Pliocene follows the assumption of 
Cane and Molnar (2001): the passages between Sulawesi 
and New Guinea are 1000 m deeper relative to the modern 
bathymetry, the northern coast of New Guinea is located 2° 
south due to the missing of the northern part, and the pas-
sage between Timor and Australia is also wider and deeper 
by removing part of Timor. Effects of such tectonic changes 
Table 1  Overview of the model 
simulations analyzed in this 
paper
Acronyms of the experiments stand for Low (High) atmospheric CO2-concentration, Modern (Pliocene) 
Indonesian Passages, Modern (Pliocene) Panama Seaway for the first, second, and third characters, respec-
tively. HMM and LMM are the “present-day” control simulations with high and low CO2-concentration, 
respectively
Experiment name Atmospheric CO2 Indonesian Passages Panama Seaway Integration
LMM 286 ppm L Modern M Closed M 2000
LPM 286 ppm L Deep/wide P Closed M 800
LMP 286 ppm L Modern M 1200 m P 800
LPP 286 ppm L Deep/wide P 1200 m P 800
HMM 405 ppm H Modern M Closed M 1000
HPM 405 ppm H Deep/wide P Closed M 800
HMP 405 ppm H Modern M 1200 m P 800
HPP 405 ppm H Deep/wide P 1200 m P 800
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have been shown to cause the acidification off Australia and 
a series of complex Indo-Pacific climate changes (Krebs 
et al. 2011). An open Panama Seaway is accomplished in 
the model by replacing four land grid cells by ocean grid 
cells between North and South America located at approx-
imately 8°N. We employ a depth of 1200 m representing 
a deep Panama Seaway to simulate the early stage of the 
shoaling process.
2.2  Amplitude equation for the annual cycle
With some modifications and systemic assumptions that fil-
ter out interannual variability signals, the governing mixed 
layer SST anomaly equation for the annual cycle over the 
equatorial eastern Pacific deduced by Xie (1994) is:
where T′ is the SST anomaly (relative to the annual-mean 
SST) in the mixed layer, u¯0 denotes the mean zonal current 
velocity, c is the phase speed due to a 90° phase difference 
between the zonal wind stress and SST, and h the depth of 
the mixed layer. The relative importance between the mean 
latent heat flux and vertical mixing is measured by the ratio 
η
/
H; QS and Q¯E are the perturbation solar radiation and the 
mean latent heat flux, respectively; u¯ and v¯ are the mean 
zonal and meridional wind stress, respectively. The con-
stants ρ and cp denote ocean density and heat capacity of 
sea water at constant pressure, respectively. ε is the thermal 
damping timescale. The first three terms on the right hand 
side indicate westward propagation via air–sea coupling, 
the surface solar radiation and the latent heat flux depend-
ing on changes in the meridional wind stress, respectively. 
The fourth term is surface radiative cooling. More details 
about Eq. (1) can be found in Xie (1994). For the deriva-
tion, see Anderson and McCreary (1985) and Xie et al. 
(1989). From Eq. (1), the westward propagation of the 
annual cycle signal is dominant at the equator where the 
meridional SST gradient vanishes. Meridional advection 
becomes more important off the equator due to the increas-
ing meridional SST gradient.
An and Choi (2013) multiplied Eq. (1) by T′ to derive 
the amplitude tendency equation:
As seen in Eq. (2), the annual cycle of SST in the east-
ern Pacific is largely controlled by the second and third 
term on the right hand side. Within a seasonal cycle, the 
(1)
∂T ′
∂t
= −(u¯o − c)
∂T ′
∂x
+
2Qs
ρCph
−
(
1+
η
H
)
2Q¯E
ρCph
v¯
|u¯|2
v′ − εT ′,
(2)
∂
∂t
〈
T ′2
〉
= −(u¯o − c)
∂
∂x
〈
T ′2
〉
+
4
ρCph
〈
QsT
′
〉
−
(
1+
η
H
)
4Q¯E
ρCph
v¯
|u¯|2
〈
v′T ′
〉
− 2ε
〈
T ′2
〉
,
solar forcing is positively correlated to SST (i.e. 
〈
QST
′
〉
 
is positive), while the cross-equatorial southerly is nega-
tively correlated to the SST [i.e. 
〈
v′T ′
〉
 is negative, also 
see Fig. 6 in An and Choi (2013)]. Thus the amplitude 
of annual cycle is positively correlated to solar forcing (
∂
∂t
〈
T ′2
〉
∝
〈
QST
′
〉)
 in the second term, latent heat flux (
∂
∂t
〈
T ′2
〉
∝ Q¯E· · −
(〈
v′T ′
〉))
, v
(
∂
∂t
〈
T ′2
〉
∝ v¯ · −
(〈
v′T ′
〉))
 
in the third term and negatively correlated to the 
mixed layer depth 
(
∂
∂t
〈
T ′2
〉
∝ 1
h
)
 and zonal wind (
∂
∂t
〈
T ′2
〉
∝ 1
|u¯|2
· −
(〈
v′T ′
〉))
. The mixed layer depth (h) 
involves both terms; therefore it has somewhat stronger 
effect on the annual cycle of the SST. Detailed analysis 
using the output from the numerical experiments will be 
presented in Sect. 4.
2.3  Bjerknes stability index
We assess the characteristics of the ENSO mode in our 
experiments through quantifying the relative strength of 
positive and negative feedbacks by using the Bjerknes 
stability index derived by Jin et al. (2006) from the linear 
equation for SST anomalies in the mixed layer [Eq. (1) 
in Jin et al. (2006)]. The volume average of the linearized 
SST equation is taken over the upper eastern equatorial 
Pacific where the SST exhibits its maximum interannual 
variability.
The resulting equation obtained by applying several 
approximations is written as:
where
and
with �·�E denoting the volume average over the eastern equa-
torial Pacific box. Variables with an overbar indicate clima-
tological means. T, u, v and w represent the SST anoma-
lies, the zonal, meridional and vertical velocity anomalies, 
respectively; and Q 
(
α =
�Q�
�T�
)
 denotes the anomalous net 
heat flux from the atmosphere into the ocean and diffusive 
processes. The zonal and meridional extents of the east-
ern equatorial box are Lx and Ly, y is the distance from the 
(3)
∂�T�E
∂t
= 2IBJ�T�E + F[h],
(4)
2IBJ = −
(
�u¯�E
Lx
+
�−2yv¯�E
L2y
+
�w¯�E
Hm
)
− α + µaβu
〈
−
∂T¯
∂x
〉
E
+ µaβw
〈
−
∂T¯
∂z
〉
E
+ µaβh
〈
H(w¯)w¯
Hm
ah
〉
E
,
(5)F = βuh
〈
−
∂T¯
∂x
〉
+
〈
H(w¯)w¯
Hm
〉
E
ah,
Influence of seaway changes during the Pliocene on tropical Pacific climate in the Kiel…
1 3
equator. The factor −2y
/
Ly
 comes from the assumption that 
the meridional structure of ENSO-related SST anomalies is 
Gaussian-like with an e-folding decay scale of Ly. The depth 
Hm is the effective depth for vertical advection, α the lin-
ear estimation of thermal damping and µa the zonal wind 
stress response to SST forcing. βu, βw and βh describe the 
ocean surface current, the upwelling and thermocline slope 
to equatorial zonal wind forcing, respectively. βuh is the 
geostrophic adjustment of zonal currents to the thermocline 
depth anomalies, ah the subsurface temperature change 
response to thermocline depth variations. The step function 
H(x) ensures that only upward vertical motion affects sur-
face temperature. The Bjerknes stability index is denoted 
by IBJ, while F is a phase transition term associated with 
the recharge/discharge of the heat content. The terms of 
the BJ Index in Eq. (4) describe either negative or positive 
feedbacks involved to damp or enhance an SST anomaly 
in the eastern equatorial Pacific. From left to right the first 
two terms that make negative contributions correspond to 
dynamical (mean zonal advection and upwelling) and ther-
mal damping, while the last three terms describing positive 
feedbacks are the zonal advection, Ekman pumping and 
thermocline feedback. A negative BJ Index is associated 
with a stable, damped system, and vice versa.
The computation of the BJ Index is sensitive to the 
region over which the variables are averaged. The longitu-
dinal range of the volume average boxes that are indicated 
by �·�E and �·�W are defined as 120°E–180°, 5°S–5°N and 
180°–80°W, 5°S–5°N within the mixed layer, respec-
tively. Thus, the Niño-3 region, the area of strongest inter-
annual SST variability (see Fig. 6), is accounted for in the 
eastern volume average box. The vertical range is from 
the surface to the bottom of the mixed layer. The mixed 
layer depth in the model is estimated by a Richardson 
number–dependent mixing parameterization, with a den-
sity threshold of 0.01 kg m−3. In this study, we employ 
the depth of the 20 °C isotherm (Z20) to represent the 
thermocline depth. Interannual anomalies are computed 
by subtracting a mean seasonal cycle from all time-series 
after detrending them.
3  Simulated mean tropical climate
Under preindustrial conditions (LMM: low CO2, modern 
oceanic passages), a warm pool with SSTs exceeding 29 °C 
is simulated in the west and a cold tongue in the east, which 
together allow for strongly zonally asymmetric tropical 
Pacific SSTs (Fig. 1a). The simulated preindustrial SSTs 
are considerably colder compared to those simulated for the 
early Pliocene (HPP: high CO2, wide Indonesian Passages, 
open Panama Seaway), as shown in Fig. 1b. Exceptions 
are limited regions in the North Pacific and North Atlantic, 
which depict warmer SSTs under preindustrial condi-
tions. The generally warmer SSTs simulated for the early 
Pliocene must be due to the combined effects of enhanced 
atmospheric CO2 and altered oceanic passages. The open 
Panama Seaway yields weaker Atlantic Meridional Over-
turning Circulation (AMOC) and Kuroshio Current (Maier-
Reimer et al. 1990), which accounts for the cooler SSTs in 
parts of the North Atlantic and North Pacific.
This study mainly focuses on the SST changes due to 
seaway change. Figure 2 shows global SST differences 
between the different experiments which differ in the 
geometry of the Indonesian and/or Panama Seaways, or 
CO2 concentration. Relative to the deep and wide Indo-
nesian Passages (LPM) run, the pre-industrial control run 
(LMM) with narrower and shallower Indonesian Passages 
depicts small surface warming in the Pacific warm pool 
area and cooling in the eastern Indian Ocean warm pool 
area, with SST changes amounting to well below 1 °C for 
low atmospheric CO2 (Fig. 2a). The stronger SST response 
(Fig. 2b) to narrowing the Indonesian Passages is prob-
ably due to the considerably stronger ocean circulation 
changes at higher CO2 (Fig. S5). The closed Panama Sea-
way experiments, independent of the CO2-concentration 
(LPM, Fig. 2c; HPM, Fig. 2d), generally yield stronger 
SST changes. In the equatorial Pacific, a meridional dipole 
is observed, which is strongest in the east, with cooling 
south and warming north of the equator (Fig. 2c, d). The 
Pacific warm pool area becomes warmer, but by less than 
1 °C. Relatively strong changes are seen in the extratropi-
cal oceans. SSTs in the North Pacific and North Atlantic 
increase by 2 °C or by even more in localized regions. The 
warming in the North Atlantic is due to enhanced north-
ward heat transport associated with a stronger Atlantic 
Meridional Overturning Circulation (AMOC) (not shown). 
This is supported by the cooling of the South Atlantic, 
which together with the North Atlantic warming is a typi-
cal signature of AMOC strengthening in climate models 
(Latif et al. 2004) and referred to as the Interhemispheric 
Dipole (e.g., Folland et al. 1986). The closed Panama Sea-
way prevents fresher water being transported from the 
Pacific into the Atlantic, which eventually enhances the 
formation of North Atlantic Deep Water (NADW). The 
influences of the closed Panama Seaway on North Atlan-
tic sector climate and the corresponding mechanisms have 
been discussed from a multi-model perspective in Zhang 
et al. (2012). The influence of the Panama Seaway closing 
on the AMOC in the KCM and its potential role in North-
ern Hemisphere glaciation will be the subject of a forth-
coming paper.
When the Indonesian Passages and Panama Seaway 
are changed together towards modern conditions (Fig. 2e, 
f), the SST responses are very similar to those of the Pan-
ama Seaway-closing experiment, indicating much stronger 
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influences of the Panama Seaway change. In the equato-
rial Pacific, the warming is slightly larger when both pas-
sages are changed simultaneously in the KCM. Not much 
dependence on the CO2-concentration is found; the SST 
patterns are quite similar in the low—(Fig. 2, left panels) 
and high-CO2 (Fig. 2, right panels) simulations.
We next analyze thermocline depth in the tropics 
(30°N–30°S), as represented by the depth of the 20 °C 
isotherm (Z20, Fig. 3). The field of mean Z20 (Fig. 3b) 
simulated by the KCM under present-day conditions is 
compared to observations in Park et al. (2009) (see Fig. 5 
therein). The narrower Indonesian Passages mainly shoals 
the Z20 in the Indonesian Throughflow region (Fig. 3c, 
d) and deepens the thermocline elsewhere, with largest 
deepening in the subtropics of all three tropical oceans. 
A generally stronger Z20-response is observed when the 
Panama Seaway is closed. Shallower Z20 is simulated in 
the tropical Indian Ocean, especially in its southern part, 
mainly due to constrained heat transport associated with 
the Indonesian Throughflow narrowing (Fig. 3c, d). In the 
tropical Pacific, Z20 shoals north of the equator and deep-
ens south of the equator owing to decreased mixing of 
Pacific and Atlantic waters. In the tropical Atlantic, on the 
other hand, the Z20 deepens north of the equator but shoals 
to the south owing to enhanced northward heat transport 
associated with stronger AMOC. The strongest change 
in Z20 is observed in the North Atlantic depicting much 
deeper mixed layer depths.
Fig. 1  a Climatology of SST 
(°C) in the pre-industrial control 
simulation LMM (low-CO2, 
modern ocean geometry). b 
Difference between LMM and 
HPP (high-CO2, wide and deep 
Indonesian Passages and open 
Panama Seaway). 300 years 
from each experiment were used 
in the calculations. Experiment 
HPP represents early Pliocene 
conditions
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Mean-state changes are also prominent in other oce-
anic and atmospheric variables (Fig. 4). Figure 4a dis-
plays the meridionally averaged (5°S–5°N) annual-mean 
equatorial Pacific SSTs. All three runs with geographical 
changes towards modern conditions yield warmer equato-
rial Pacific SSTs, with the experiment HMM (high CO2, 
modern oceanic passages) providing the warmest equato-
rial Pacific SSTs. Warmer temperatures generally go along 
with weaker easterly zonal wind stress over the eastern 
and central equatorial Pacific (Fig. 4b) and stronger north-
ward meridional wind stress (Fig. 4c). The latter explains 
the north–south asymmetry in the equatorial SST response. 
Consistent with the weaker easterly zonal wind stress equa-
torial thermocline (Z20) tilt is reduced. The Z20 shoals in 
the west and to a lesser degree also in the east (Fig. 4d); the 
overall shoaling of Z20 indicates a substantial subsurface 
cooling due to the closing of the Panama Seaway (Karas 
et al. 2009).
Figure 5 depicts the simulated annual cycle of SST along 
the equatorial Pacific (averaged over 5°S–5°N) for each 
experiment (upper panels: low-CO2 experiments, lower 
panels: high-CO2 experiments). In all experiments and 
consistent with present-day conditions, there is an annual 
cycle in the east and a semi-annual cycle in the west. How-
ever, the amplitude of the semi-annual and annual cycle 
considerably varies among the experiments. The annual 
cycle amplitude is defined here as the difference between 
the maximum and the minimum SST anomaly relative to 
the annual mean (Bellenger et al. 2014; Table 2). Both the 
closing of the Panama Seaway and the narrowing of the 
Indonesian Passages can increase the annual cycle ampli-
tude. In the four open-Panama Seaway runs (Fig. 5c, d, g, 
h), the annual cycle amplitude is relatively weak amount-
ing to 1.09, 0.77, 1.28 and 0.84 °C in experiments LMP, 
LPP, HMP and HPP (Table 2), respectively. In response 
to the closing of the Panama Seaway (Fig. 5a, b, e, f), the 
amplitude of the SST annual cycle in the eastern equato-
rial Pacific increases, with values up to 2.00 and 1.93 °C 
in the experiments HMM and LMM, respectively. We note, 
however, that all simulations are biased with respect to the 
present-day SST annual cycle, with the cold tongue in the 
east not being maintained until the end of the calendar year. 
The simulation of the SST annual cycle in the eastern equa-
torial Pacific is a long-standing problem in climate models 
(e.g., Mechoso et al. 1995).
The changes in the annual cycle have the potential 
to modify ENSO. In fact, the level of ENSO variability, 
as shown by the standard deviation of the monthly SST 
anomalies, varies considerably among the simulations 
(Fig. 6). The ENSO amplitude, defined here as the standard 
Fig. 2  SST (°C) responses to 
changes in topography with 
respect to the control simula-
tion LMM employing low 
CO2-concentration (left panels; 
a, c, e) and HMM employing 
high CO2-concentration (right 
panels; b, d, h), due to a, b 
the narrowing of the Indone-
sian Passages, c, d closing of 
the Panama Seaway, and e, f 
due to both changes in ocean 
geometry. The contour intervals 
are 0.5 °C in the range of −2 to 
2 °C and 2 °C in the range of 2 
to 10 °C, respectively
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deviation of the monthly SST anomalies averaged over 
the Niño3 region (90°W–150°W, 5°S–5°N), in the open 
Panama Seaway experiments LMP, HMP, LPP and HPP 
amount to 0.99, 1.07, 1.00, and 1.04 °C, respectively. Clos-
ing the Panama Seaway induces weaker ENSO variabil-
ity. The ENSO amplitude in experiments LMM (Fig. 6a) 
and HMM (Fig. 6b) reduces to 0.85 and 0.91 °C, respec-
tively. Yet it is stronger than the wider-Indonesian Pas-
sages experiments LPM and HPM in which the ENSO 
amplitude is 0.80 and 0.90 °C, respectively. The strength of 
strong events remains relatively stable in the experiments 
(not shown). The spectra of the monthly SST anomalies 
averaged over the Niño3 region depict significant peaks 
at interannual timescales (Fig. 7), for low (Fig. 7a) and 
high (Fig. 7b) atmospheric CO2. No significant changes in 
ENSO period are seen across the ensemble of experiments, 
indicating sensitivity of ENSO with respect to amplitude 
but not period.
In the following we investigate the changes in ENSO 
dynamics in more detail. This part benefits from extensive 
previous work on tropical climate changes with regard to 
the mean state, oceanic and atmospheric feedbacks, ocean 
adjustment processes and annual cycle, and response to 
global warming (e.g., Latif and Keenlyside 2009; Collins 
et al. 2010; Vecchi and Soden 2007; Timmermann et al. 
2007; Huang 2015).
4  Annual cycle response
We start with the response of the annual cycle (Fig. 5), 
because the annual cycle strongly influences ENSO, as 
expressed, for example, by the seasonal phase locking of 
ENSO. The KCM simulates a considerably strengthened 
annual cycle in the eastern equatorial Pacific in response 
to the closing of the Panama Seaway, independent of the 
CO2 concentration (Fig. 5b, d; experiments LPM and 
HPM). Utilizing the amplitude tendency equation [Eq. (2)] 
deduced by An and Choi (2013), we address the physical 
mechanisms responsible for the enhancement in the ampli-
tude of the SST annual cycle in eastern equatorial Pacific 
relative to the early Pliocene. Specifically, the effects of 
altered zonal and meridional surface winds, equatorial SST 
gradient and mixed layer depth are examined.
Fig. 3  Annual-mean depth (m) of the 20 °C isotherm (Z20) in the control experiment a LMM and b HMM (contour interval 15 m). c–h Z20-
changes in the simulations with low/high-CO2 and different ocean geometry with respect to LMM/HMM (contour interval 10 m)
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Forced by annual variations in solar radiation off the 
equator, the annual variability is initiated along the South 
American coast, exhibiting its largest amplitude near 15°S. 
The signal propagates to the equator and to the west due 
to surface ocean–atmosphere interactions. At the equator, 
the annual cycle is related to the SST gradient, determined 
by the Walker circulation, and zonal currents in the mixed 
layer (Xie 1996). The first term on the right hand side of 
Eq. (2) denotes the westward propagation of the annual 
cycle. It can be inferred from Fig. 4b that the zonal wind 
stress in the east decreases in response to the Panama Sea-
way closing (i.e., difference between experiments HMM 
and HMP). The surface zonal winds change due to air–
sea interaction. More specifically, the closing of the Pan-
ama Seaway reduces the zonal winds east of 150°W and 
intensifies them to the west (Fig. 4b). The most prominent 
changes are seen in the surface meridional winds (Fig. 5c). 
In the experiments with a closed Panama Seaway (HMM 
and HPM), the KCM simulates much stronger meridional 
winds, which is key to the existence of an SST annual cycle 
(AC) at the equator.
Stronger surface meridional winds (given the nega-
tive correlation between surface meridional wind and SST 
within a seasonal cycle) drive a stronger AC (and vice 
versa) according to Eq. (2) 
(
∂
∂t
〈
T ′2
〉
∝ v¯ · −
(〈
v′T ′
〉))
. 
Changes in the mean surface meridional wind (v¯) modify 
the surface latent heat flux thereby also affecting the ampli-
tude of the AC. The closing of the Panama Seaway, on the 
other hand, substantially develops the meridional SST gra-
dient (Fig. 2c–f) and surface meridional winds in the east. 
The latter is seen in the annual-mean meridional wind 
(southerly) stress which increases by more than 30 % in 
response to the closing of Panama (Fig. 4c). Thus, the AC is 
substantially intensified under the enhanced southerly wind 
induced by the closing of the Panama Seaway. Narrowing 
the Indonesian Passages (i.e., difference between experi-
ments HMM and HPM) hardly modifies the zonal SST 
gradient in the east. This geometry change mainly modi-
fies the strength of the throughflow in the western Pacific, 
which hardly influences the eastern equatorial Pacific SST 
(Fig. 2a, b).
As indicated in Eq. (2), deeper mixed layer depth sup-
presses the amplitude of the AC, because its growth 
rate is inversely proportional to the mixed layer depth (
∂
∂t
〈
T ′2
〉
∝
〈
QST
′
〉
h
and
∂
∂t
〈
T ′2
〉
∝
Q¯E
h
· −
(〈
v′T ′
〉)
)
. 
The effect of solely narrowing the Indonesian Passages 
Fig. 4  Annual-mean values 
of selected variables along 
the equator (5°S–5°N) in the 
simulations with high CO2. a 
SST (°C), b zonal wind stress 
(Nm−2), c meridional wind 
stress (Nm−2), d depth (m) of 
20 °C isotherm (Z20)
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(e.g., HMM minus HMP) hardly modifies the mixed layer 
depth (expressed by Z20) in the eastern equatorial Pacific 
(see Figs. 3c, 4d). In response to the closing of the Panama 
Seaway, the annual-mean mixed layer depth in the eastern 
equatorial Pacific changes only little either, with changes 
on the order of a few percent of the annual-mean depth. We 
conclude that in the eastern equatorial Pacific, the change 
in mixed layer depth is much less important than that of the 
meridional winds. The influences of surface solar radiation 
(QS) and latent heat flux QE are negligible (not shown).
In summary, the enhanced equatorial asymmetry forced 
by the closing of the Panama Seaway is the dominant factor 
for amplifying the annual cycle during the course of the Pli-
ocene. This can happen in two ways: Directly, the increased 
continentality to the north of the equator enhances north-
ward meridional wind; indirectly, the strengthened AMOC 
Fig. 5  Seasonal cycle (departure from the annual mean) of SST (°C) along the equatorial Pacific (averaged over 5°S–5°N latitudinal band) in 
the simulations with a–d low and e–h high CO2 and different ocean geometries (contour interval 0.2 °C)
Table 2  The amplitude of annual cycle in the east equatorial Pacific 
(EEP) is summarized
The amplitude of annual cycle in EEP is defined as the difference 
between the maximum and minimum Ninõ3 (150°W–90°W, 5°S–
5°N) domain-averaged monthly mean SST anomalies in relative to 
the climatological annual mean
Experiment name Annual cycle amplitude (°C)
LMM 1.93
LPM 1.58
LMP 1.09
LPP 0.77
HMM 2.00
HPM 1.42
HMP 1.28
HPP 0.84
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Fig. 6  SST variability (monthly standard deviation, °C) in the tropics in a the pre-industrial control run LMM (low-CO2). c, e, g Low-CO2 
experiments with different ocean geometries. b, d, f The corresponding high-CO2 experiments (contour interval 0.2 °C)
Fig. 7  Power spectra (°C2) 
of SST anomalies aver-
aged over the Niño-3 region 
(90°W–150°W, 5°S–5°N) in the 
experiments with a low and b 
high CO2
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warms the Northern Hemisphere through bipolar seesaw, 
which then affects the eastern equatorial Pacific in the same 
sense (Zhang and Delworth 2005; Wu et al. 2005). Our 
experimental setup, however, does not allow separation of 
these two effects. Consistent with Timmermann et al. (2004) 
and Huang (2015), lower CO2-concentration weakens the 
annual cycle due to hemispheric cooling asymmetry.
5  ENSO stability
5.1  Linear feedbacks
In this section, we assess the stability of ENSO in the 
different experiments by quantifying the strength of 
the (linearized) positive and negative feedbacks. The 
first two terms in Eq. (4) are negative feedbacks which 
describe the dynamical and thermal damping effects 
on eastern equatorial Pacific SST anomalies. Dynami-
cal damping feedback consists of three terms that are 
associated with mean zonal (−�u¯�E
Lx
) and meridional cur-
rents (−�−2yv¯�E
L2y
) as well as mean upwelling at the base of 
the mixed layer 
(
−
�w¯�E
Hm
)
. Dynamical damping, ranging 
from −3.38 to −3.84 year−1, is the dominant negative 
feedback in the KCM (Fig. 8a). Please note the differ-
ent scales in Fig. 8. The dynamical damping, especially 
its upwelling component, reduces slightly in response 
to the narrowing of the Indonesian Passages (the differ-
ence between experiments LMM and LPM, for example, 
amounts to −0.07 year−1). In response to the closing 
of the Panama Seaway, the change in dynamical damp-
ing is considerably larger (the difference between LMM 
and LMP, for example, amounts to about −0.25 year−1). 
This change results from several competing factors: 
the spatially averaged mixed layer in the eastern box, 
which enters the upwelling-damping term in the denom-
inator 
(
∝ −
�w¯�E
Hm
)
, moves slightly downward due to the 
enhanced southerly wind stress (Fig. 4c) and reduces 
the damping; the meridional current-damping term 
increases due to the enhanced meridional SST gradient. 
Its magnitude, however, is small compared to that of the 
upwelling-damping term. The zonal currents forced by 
surface zonal wind stress slightly weaken, but the mag-
nitude is also rather small. The total dynamical damp-
ing thus declines, when moving from the early Pliocene 
geometry towards the modern. ENSO amplitude depicts 
a large negative correlation with the dynamical damping, 
which is shown in Fig. 8a that summarizes the results 
from all experiments. The regression indicates that 
stronger ENSO would go along with stronger dynamical 
damping.
The thermal damping term α is associated with the relation-
ship between interannual anomalies of surface heat flux (short-
wave, longwave, latent and sensible heat flux) and of SST in 
the eastern equatorial Pacific [�Q�E = α�T�E]. It is computed 
as a linear least-squares regression of the net anomalous sur-
face heat flux against SST anomalies. To compare α to other 
terms of the BJ Index, they are converted to a time scale by 
dividing by the mixed layer depth, the density and specific heat 
capacity of water. Compared to the dynamical damping, the 
thermal damping coefficients are rather small (Fig. 8b). Thus, 
the thermal damping is a much less important negative feed-
back in the KCM. Further, there is no consistent relationship 
of α with ENSO amplitude in the ensemble of experiments, as 
expressed by the rather low correlation of 0.29 (Fig. 8b).
Fig. 8  Scatter plots of ENSO amplitude (°C) versus a dynamical 
damping, b thermal damping, c zonal advection feedback, d thermo-
cline feedback, e Ekman feedback and f BJ index. Each component 
of the BJ index is converted to year−1. The black lines depict the least 
square regression. ENSO amplitude is defined by the standard devia-
tion of Niño-3 SST anomalies. Red triangles and blue squares indi-
cate high-CO2 and low-CO2 experiments, respectively
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All three positive feedbacks depend on several ocean–
atmosphere coupling parameters [defined in Eqs. (5)–(8) 
of Jin et al. (2006)] that characterize the ocean response 
to surface wind stress anomalies and the atmospheric 
response to SST anomalies. The parameter µa describes 
the linear response of zonally averaged wind stress anoma-
lies to forcing by eastern equatorial Pacific SST anoma-
lies ([τx] = µa�T�E). Similarly, βu and βw characterize 
the linear effects of direct wind stress forcing on anoma-
lous zonal currents and upwelling in the eastern equatorial 
Pacific 
(
�u�E = βu[τx] + βuh�h�W , �H(w¯)w�E = −βw[τx]
)
 . 
The coefficient βh is estimated from the linear regres-
sion between Z20 east–west slope anomalies (defined as 
�h�E − �h�W) and the zonally averaged wind stress anoma-
lies 
(
�h�E − �h�W = βh[τx]
)
.
Consistent with the results of Kim and Jin (2011) ana-
lyzing climate models (10 out of 12 models) and Lübbecke 
and McPhaden (2013) analyzing observations, the dominant 
positive feedback in the KCM is the thermocline feedback 
and it depicts a rather high correlation amounting to 0.86 
with ENSO amplitude (Fig. 8d). The thermocline feedback 
describes how eastern equatorial Pacific thermocline pertur-
bations and thus subsurface temperature anomalies impact 
SST. Both the zonal advection feedback (Fig. 8c) and the 
Ekman feedback (Fig. 8e) are considerably smaller. The ther-
mocline feedback weakens in response to the closing of the 
Panama Seaway and intensifies in response to the narrow-
ing of the Indonesian Passages, which results from the cor-
responding changes in coefficients βh and ah . The weakening 
of βh reflects the shoaling of Z20 in the eastern Pacific owing 
to the closing of the Panama Seaway (Fig. 3c, d). The ther-
mocline depth, as expressed by Z20, is related to the subsur-
face ocean temperature. Since subsurface ocean water is actu-
ally transported into the mixed layer only when upwelling 
occurs, the relation is given by (�H(w¯)Tsub�E = ah�h�E) in 
the thermocline feedback, which follows the simple formula-
tion of the subsurface temperature parameterization used in 
the Zebiak and Cane (1987) model. The parameter αh weak-
ens in response to the closing of the Panama Seaway, which 
means for the closed-Panama runs (i.e. experiments LMM 
and HMM) that Z20 in the eastern equatorial Pacific becomes 
shallower in comparison to the open-Panama runs (i.e. exper-
iments HMP, HPP, LMP and LPP) (Fig. 4d).
The Ekman feedback is suppressed by the thermocline 
feedback (An and Choi 2013), since the latter modifies 
vertical stratification. A larger thermocline depth yields 
weaker stratification 
(〈
− ∂T¯
∂z
〉
E
)
, and thus the growth rate 
by this effect is reduced. On the contrary, Manucharyan and 
Fedorov (2014) show that the Ekman feedback can even 
overcome the thermocline feedback in experiments with 
a deep thermocline depth in the eastern equatorial Pacific. 
The Ekman feedback becomes slightly stronger in response 
to the closing of the Panama Seaway (Fig. 8e).
Summing up all negative and positive feedbacks, the BJ 
Index is negative in all eight simulations conducted with 
the KCM (Fig. 8f), indicating a damped ENSO mode, with 
the open-Panama Seaway experiments (HMP, HPP, LMP 
and LPP) less damped. Notably, despite large variations 
in the magnitudes of the individual negative and positive 
feedbacks, the BJ Index is relatively constant, staying in 
the range from −2.3 (experiment HMP) to −1.65 (experi-
ment LPP) year−1 (Fig. 8f). Comparing experiments LPM 
and LMM or HPM and HMM shows that the narrowing 
Indonesian Passages hardly modifies ENSO stability. The 
closing of the Panama Seaway has a much stronger effect 
on ENSO and reduces its amplitude. Blue squares and 
red triangles in Fig. 8 indicate the low-CO2 and high-CO2 
runs, respectively. Low-CO2-concentration yields weaker 
dynamical damping, zonal advection feedback and thermo-
cline feedback, and stronger Ekman feedback. The major 
results, however, are basically independent of the CO2 
concentration.
We note that the computed magnitudes should be inter-
preted with caution in light of the accumulated errors of 
the various linear regressions constituting the BJ Index. 
Further, BJ analysis does neither account for stochastic 
processes nor the nonlinearities important for strong El 
Niño events (Graham et al. 2014). Additionally, the results 
depend on the size and location of the averaging box, and 
the selection of the depth to compute subsurface tempera-
ture anomalies. For example, we choose here the same 
region as in Kim and Jin (2011) to ease comparison with 
the BJ analysis of other climate models. Alternatively, we 
could have selected a smaller region such as the Niño-3 
region, the region of maximum interannual SST variance. 
Although the calculated values may vary with the choice 
of the averaging box, the main findings presented above do 
not change, which has been confirmed by a number of sen-
sitivity tests (not shown).
5.2  Relationship of ENSO amplitude to the annual 
cycle
As suggested, for example, by Liu (2002), the annual cycle 
tends to suppress the development of ENSO through the 
nonlinear mechanism of frequency entrainment. Such inter-
action is strongly supported by our set of model experi-
ments, which is a major result of this study. As shown in 
Fig. 9, the suppression effect of the annual cycle on ENSO 
is clearly seen in our simulations. The correlation between 
the strength of the annual cycle and ENSO amplitude cal-
culated from the eight model experiments amounts to 
−0.83. For example, closing the Panama Seaway induces 
a significantly enhanced annual cycle, largely by strength-
ening the meridional winds, and reduced ENSO amplitude 
by about 20 %. It should be noted, however, that the origin 
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of changes in the annual cycle and BJ index, especially the 
dominant thermocline feedback in the latter, are closely 
related to geometry changes. This hinders a clear separa-
tion of the relative importance of positive feedback and 
damping impact of annual cycle on ENSO variability.
6  Summary and discussion
This study investigates the impact of changes in the Pan-
ama Seaway and Indonesian Passages during the Pliocene 
on tropical Pacific climate and its variability. In particular, 
we have explored tropical Pacific mean-state and annual 
cycle changes, and changes in the El Niño/Southern Oscil-
lation (ENSO) in a set of eight sensitivity simulations 
with the Kiel Climate Model (KCM), which differ in the 
geometry of the aforementioned passages and atmospheric 
CO2-concentration. We studied the effect of the closing of 
the Panama Seaway and the narrowing of the Indonesian 
Passages, individually and together, using two different 
CO2-concentrations.
The closing of the Panama Seaway in the KCM strongly 
modifies the tropical Pacific climatology. We observe 
shoaling of the thermocline across the tropical Pacific 
and strengthening of the southerly wind stress in the east, 
where the latter is forced by an enhanced meridional sea 
surface temperature (SST) gradient. A slightly decreased 
zonal equatorial SST gradient and zonal wind stress, indi-
cating ocean–atmosphere coupling, is also simulated in the 
eastern equatorial Pacific. The strongly enhanced southerly 
wind stress simulated in response to the closing of the Pan-
ama Seaway is the most important factor strengthening the 
annual cycle. The changes in the Indonesian Passages have 
less impact.
We find that the simulated ENSO is relatively robust 
across the set of experiments. ENSO amplitude decreases 
in response to closing the Panama Seaway and increases in 
response to narrowing the Indonesian Passages [consistent 
with Jochum et al. (2009)]. The dominant ENSO period does 
not significantly change in the experiments. Higher atmos-
pheric CO2 enhances ENSO amplitude, consistent with Park 
et al. (2009) and Latif et al. (2015). As ENSO can be under-
stood within the recharge oscillator framework, the Bjerknes 
stability analysis developed by Jin et al. (2006) is applied to 
assess changes in ocean–atmosphere feedbacks and ENSO 
dynamics from a linear perspective. The Bjerknes index 
(BJ), which sums all positive and negative feedbacks, illus-
trates relatively small changes across the set of experiments 
albeit large differences in the individual positive and nega-
tive feedbacks, which is consistent with the small but statisti-
cally significant changes in ENSO amplitude and only mod-
est changes in ENSO period. An increase of the BJ index is 
accompanied by larger ENSO amplitude and vice versa.
In all experiments, dynamical damping and thermocline 
feedback are the dominant negative and positive feedbacks, 
respectively. Moreover, weakening of positive feedbacks is 
largely compensated by reduced dynamical damping. As 
a result, ENSO behavior is relatively stable across the set 
of experiments. Narrowing the Indonesian Passages in the 
model shows opposite effects in comparison to closing the 
Panama Seaway, and the influence of the former is much 
weaker. The suppression effect of the SST annual cycle on 
ENSO is a robust feature of the KCM: there is a clear lin-
ear relationship between the strength of the annual cycle 
and ENSO amplitude in the ensemble of model simula-
tions with varying ocean geometry and atmospheric CO2. 
Interestingly, changes of positive and negative feedbacks in 
response to closing the Panama Seaway mirror the effects 
of lower CO2-concentration on these feedbacks.
Our results may provide some clues about the climate 
evolution from the Pliocene to the present. There are, how-
ever, several limitations in the present study. For example, 
when employing high atmospheric CO2 and an open Pan-
ama Seaway, the model fails to reproduce the full extent 
of Pliocene warming in the mid-latitudes and upwelling 
regions as suggested by proxy data. This might be due to 
a number of physical processes not well resolved or poorly 
represented in the KCM. For example, variations in orbital 
forcing, ice sheets and vegetation distribution are not con-
sidered in the experiments. Model bias may also degrade 
the response.
Fig. 9  Scatter plot of ENSO amplitude (°C) versus annual-cycle 
strength (°C). The meaning of the symbols is as in Fig. 8. The black 
line depicts the least square regression. The amplitude of the annual 
cycle is defined as the difference between the maximum and mini-
mum SST in Niño-3 region (see Fig. 5)
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